INTRODUCTION {#s1}
============

*TP53* gene, encoding p53 protein, is the most frequently mutated locus overall in human neoplasias \[[@R1], [@R2]\]. The majority of the *TP53* mutations result in single residue changes in p53 proteins, most of which -- including the common "hot-spot" mutations -- inactivate DNA-binding and tumor suppressor functions of wild-type (wt) p53, endowing mutant p53 proteins with transforming, gain-of-function (GOF) oncogenic properties \[[@R3]--[@R5]\]. Numerous studies - structural and functional - have demonstrated that a tetrameric form of wt p53 is optimal for its effective binding to a target promoter DNA and its function as the tumor-suppressive transcription factor \[[@R6]--[@R9]\]. Oligomerization of wt p53 also represents one of its functional weaknesses, as hot-spot mutant p53 variants were observed to inactivate wt p53 by hetero-oligomerization via a dominant-negative (DN) mechanism \[[@R10]--[@R13]\]. Chan et al. measured the functional efficiency of the dominant-negative effect to be surprisingly low -- as excess of mutant p53 protein was required to inactivate the wt p53 activity \[[@R14]\]. This effect can be partially attributed to a co-translational dimerization of p53, discovered earlier using an *in vitro* translation system \[[@R11]\], which implies that usually mutant p53 enters p53 tetramers as a homodimer -- resulting in a limited inactivation of the DNA binding by wt p53, which could be partially retained in the wt p53 homo-dimer \[[@R7], [@R9]\]. The exchange of monomers within a p53 dimer was indeed found to be ultra-slow in purified p53 proteins *in vitro* \[[@R15], [@R16]\], and p53 monomer and hetero-dimer concentrations were found to be limited in MCF7 cells - using fluorescence correlation spectroscopy \[[@R17]\] and protein-fragment complementation assay \[[@R18]\]. However, in the mentioned study by Chan and co-workers, only the tumor-derived hot-spot mutants had low efficiency of the functional dominant-negative effect, while wt p53 construct with the deleted transactivation domain (del90) strongly inactivated wt p53 transcriptional activity via hetero-oligomerization \[[@R14]\]. This implied that additional mechanisms may be involved in limiting the dominant-negative effect of the p53 mutants.

It has not been addressed until now whether in a cellular environment p53 oligomerization occurs at the same efficiency for wt-wt, mutant-wt and mutant-mutant combinations -- where a bias could contribute to shifting of the functional equilibrium between competing wt and mutant p53 downstream effects. The dominant-negative effect of p53 mutants has also not been directly compared to the efficiency of a "positive-dominance" by wt p53 -- an inactivation of the mutant p53 gain-of-function via oligomerization. Mutant p53 has been suggested to be partially inhibited by hetero-oligomerization with wt p53 \[[@R19]\] and several groups have shown that the presence of the expressed wt *TP53* allele is limiting the tumor occurrence driven by p53 mutants in cancer models *in vivo* \[[@R20]--[@R23]\].

The FRET (Forster Resonance Energy Transfer) methodology is used to measure intra- and intermolecular interactions *ex vivo* and in living cells \[[@R24], [@R25]\]. Thanks to dependence of the efficiency of the resonance energy transfer on a number and a spatial positioning of energy acceptors and donors in complexes, FRET and its sister method BRET (Bioluminescence Resonance Energy Transfer), have been utilized to assess oligomerization stoichiometry and dynamics of a number of proteins \[[@R26], [@R27]\]. Among them were: multimeric transient receptor potential channels (TRPC) family of proteins \[[@R28]\], muscarinic acetylcholine receptors \[[@R29]\], β2-adrenoceptors (β2AR) \[[@R30]\] and other G protein--coupled receptors (GPCRs) \[[@R31]\]. In studies of the p53 protein properties, FRET has been so far used in purified p53 *in vitro*: to assess domain flexibility and determine the conformation states of full-length p53 \[[@R32]\], to detect p53 post-translational modifications \[[@R33]\] and to determine homo-oligomerization dynamics of the isolated p53 tetramerization domain \[[@R34]\]. No FRET studies have been carried out to validate these findings in a living model, measure the wt-mutant p53 hetero-oligomerization and link the observations to functional effects wt and mutant p53.

In this study we describe a FRET-based assay allowing to monitor the efficiency of oligomerization in living cells of p53 proteins fused with CFP and YFP fluorescent protein tags. The method allows to measure dimer- or tetramer-specific p53 oligomerization in a suspension of living cells by a spectrofluorimetric sensitized emission method or in subcellular compartments by confocal microscopy with an acceptor photobleaching method. Both approaches indicate that p53 proteins with wild-type DNA-binding domain oligomerize in cells significantly more efficiently than five tested p53 hot-spot mutant variants. This observation has important functional implications, as at equimolar proportions wt p53 more efficiently suppresses mutant p53 gain-of-function, than mutant p53 inactivates the wt p53 tumor suppressor activity.

RESULTS {#s2}
=======

FRET occurs specifically in tetrameric or dimeric p53 variants, C-terminally tagged with CFP and YFP fluorophores, co-expressed in living cells {#s2_1}
-----------------------------------------------------------------------------------------------------------------------------------------------

To investigate efficiency of the p53 oligomerization in living cells we took advantage of the classic FRET donor-acceptor pair of fluorophores -- ECFP and EYFP (named CFP and YFP for clarity in the manuscript) \[[@R24], [@R25]\]. The main experimental model was H1299 non-small cell lung carcinoma cell line with no endogenous p53, which could be efficiently transfected ectopically with different sets of plasmid constructs. In H1299 cells stability of wt and hot-spot mutant p53 variants is more similar compared to endogenous wt and p53 mutants in cancer cells (\[[@R35]\] and [Supplementary Figure 2E](#SD1){ref-type="supplementary-material"}) which helps to maintain similar levels of overexpressed wt and mutant p53 variants -- an important feature of a model used to compare quantitative effects of p53 variants \[[@R14], [@R36]\]. Initial experiments were performed using spectrofluorimetry-based sensitized emission method, where CFP (FRET donor) and YFP (FRET acceptor) spectra were measured in suspension of cells in PBS, then CFP spectra (excitation at 425 nm) were corrected for crosstalk, normalized, and the "FRET signal" value was calculated at the YFP acceptor emission peak wavelength of 527 nm (the procedure is shown step-by-step in [Supplementary Figure 1A](#SD1){ref-type="supplementary-material"}).

Experiments using C-terminally tagged p53 revealed significant FRET signal in wt (tetramerization-capable) p53, increasing with the higher transfected acceptor:donor (YFP:CFP) ratio (Figure [1A](#F1){ref-type="fig"}), expected from earlier FRET studies on oligomerizing proteins \[[@R26], [@R27]\]. The FRET signal was also detectable for L344A (tetramerization incapable, dimerization capable) p53 variant \[[@R7], [@R17]\], albeit weaker than in the case of wt p53 at the same acceptor:donor vector molar ratio (Figure [1A](#F1){ref-type="fig"}). Monomeric p53 variant L344P \[[@R17], [@R37]\] did not produce an increased fluorescence signal at 527nm beyond the level of the CFP spectrum of the wt p53-CFP construct transfected alone (Figure [1A](#F1){ref-type="fig"}). A CFP-YFP fusion construct was used as a high-efficiency FRET positive control (Figure [1A](#F1){ref-type="fig"}).

![Oligomer-specific FRET signal is detected in living H1299 cells overexpressing C-terminally CFP/YFP tagged p53 proteins, using sensitized emission FRET measurements\
**(A)** CFP (FRET donor) spectra from H1299 cell suspensions in PBS at RT, transfected with indicated vectors (total of 3 μg transfected vector per 12-well plate well at indicated CFP:YFP construct proportions), were acquired using spectrofluorimetry (Materials and Methods), corrected for crosstalk and normalized ([Supplementary Figure 1A](#SD1){ref-type="supplementary-material"}). The "FRET signal" value was determined at the YFP (FRET acceptor) emission peak wavelength of λ=527 nm. **(B)** Schematic maps and short descriptions of p53 and control proteins overexpressed ectopically from plasmid constructs used in this study. **(C)** FRET signal values, each with the subtracted average p53 wt-CFP value (CFP background), were compared. Vector transfections at indicated proportions were performed in a biological triplicate. Averages of these 3 results are shown with SD, statistical significance calculated with one-way ANOVA, Bonferroni post-test, ^\*\*\*^ indicates corrected p-value\<0.001 for comparison with wt-CFP, no stars indicates result not being significant in the used test. **(D)** Experimental spectrofluorimetric measurements of the FRET signal in biological triplicate are shown as averages (solid points with SD) for indicated molar proportions of YFP/CFP-tagged wt p53 (tetrameric) or 344A p53 (dimeric) constructs overexpressed in H1299 cells -- in the range of 1:5 to 5:1 of YFP:CFP constructs (total of 3 μg transfected vector per 12-well plate well). One-phase association curves were fitted to the experimental results (solid lines) and theoretical oligomerization curves for dimer, trimer and tetramer (dashed lines). The theoretical curves were calculated using the maximum value obtained in the experimental measurements for the p53 wt tetramer, using equation shown in Materials and Methods. Additionally, wt-CFP and wt-YFP were transfected in the equimolar proportions with increasing amount of both vectors (0.5:0.5, 2:2, 3:3 -- open symbols). The results were not significantly different from the 1:1 proportion (solid circle) indicating no FRET signal increase due to random CFP:YFP overcrowding in the cells.](oncotarget-09-32063-g001){#F1}

Protein domain maps, names and brief descriptions for the constructs used in the study are provided in Figure [1B](#F1){ref-type="fig"}, while sub-cellular localization in H1299 cells of the most important transfected fluorophore-tagged p53 variants are provided in [Supplementary Figure 1B](#SD1){ref-type="supplementary-material"}.

To show averages of biological replicates of the transfection experiments as bars with standard deviations, average crosstalk corrected fluorescence value at YFP emission peak 527 nm for the wt p53-CFP variant were subtracted from the crosstalk-corrected values at 527 nm obtained of the consecutive transfections, to obtain "FRET signal" in graph bars -- the values of the FRET-derived fluorescence at 527nm. Figure [1C](#F1){ref-type="fig"} shows a bar-graph representation of biological triplicate of wt:wt, 344A:344A and 344P:344P measurements, whose single replicates were included in Figure [1A](#F1){ref-type="fig"}. Additionally, low FRET signal was detected for N-terminally tagged wt p53, clearly showing that significant FRET signals could only be obtained between C-terminally tagged p53s, and not in N-N or C-N configurations (Figure [1C](#F1){ref-type="fig"}). This result is consistent with the closer proximity of the p53 oligomerization domain to the C-terminus of the protein (Figure [1B](#F1){ref-type="fig"}).

Based on previous studies on oligomeric protein stoichiometry \[[@R28], [@R30], [@R38]\], cells were transfected with different molar ratios of vectors with CFP- and YFP-tagged wt p53 (expected tetrameric) or 344A p53 (expected dimeric). The resulting FRET-saturation curves were compared with theoretical models of FRET efficiency at different acceptor:donor ratios for randomly assembling, fully symmetric fluorophore dimerization, trimerization and tetramerization \[[@R30]\]. Neither wt p53 nor 344A p53 non-linear regression one-phase association fit curves matched closely the tetrameric and dimeric theoretical model curves (Figure [1D](#F1){ref-type="fig"}). Despite that, wt p53 had significantly higher measured and predicted maximum FRET signal values (predicted plateau at 0.2638) than 344A p53 (predicted plateau at 0.1521) at the increasing acceptor:donor ratios, which indicates a higher order oligomerization in wt p53. This also indicated that hetero-oligomerization in the predominantly dimeric 344A p53 is possible in the living cells, but limited below the efficiency of the predicted dimerization model. As suggested by studies on the membrane protein stoichiometry by the FRET methodology \[[@R25], [@R28]\], we performed additional control of transfecting increasing wt p53-CFP/YFP constructs at equimolar concentrations (0.5:0.5, 1:1, 2:2, 3:3), which all produced FRET values of statistically insignificant difference (Figure [1C](#F1){ref-type="fig"}). This means that increasing the total p53 protein load did not lead to the increase of FRET signals due to random donor:acceptor aggregation or protein overcrowding in the cells \[[@R25], [@R28]\].

All these results and used controls indicated clearly that FRET detected in the H1299 living cells between C-terminally CFP/YFP tagged p53 in wt and 344A variants was occurring specifically in the p53 oligomers, whose formation depends on the p53 protein\'s oligomerization domain.

Wt p53 oligomerizes more efficiently than p53 hot-spot mutant variants in the living cells {#s2_2}
------------------------------------------------------------------------------------------

To understand whether p53 oligomerization differs in wt and hot-spot mutant variants frequent in human tumors (V143A, R175H, R248Q, R249S, R273H) \[[@R39]\] we performed FRET signal measurements in H1299 cells transfected with a set of vectors carrying wt and/or mutant p53 variants. We used 1:2 donor:acceptor ratio as a default for these tests, as this allowed for a higher FRET signal value dynamic range than in the 1:1 ratio (Figure [1D](#F1){ref-type="fig"}), while the donor protein and signal level were high enough for additional co-transfections with other vectors.

In homo-oligomerization experiments wt p53 had significantly higher FRET signal than any of the mutant variants (Figure [2A](#F2){ref-type="fig"}). Wt:mutant hetero-oligomerization experimental setups had significantly lower FRET signal than wt:wt when the p53 mutants were present as tagged with YFP (FRET acceptor) and hence were overexpressed from vectors transfected at 2:1 molar excess over wt p53 (Figure [2A](#F2){ref-type="fig"}). This suggested that wt p53 could homo-oligomerize with higher efficiency than hetero-oligomerize with mutant p53, which is in turn more efficient than mutant-mutant homo-oligomerization. However, in this type of experiments the difference between FRET signals in wt and mutant p53 proteins could be caused not only by differences in protein levels, localization, activity, subcellular movement or oligomerization rate but also by known structural differences between wt and p53 mutants \[[@R40]--[@R42]\]. These protein distortions could affect the FRET efficiency by changing distance or spatial positioning of the FRET donors and acceptors attached to the overexpressed p53 variants \[[@R25]\]. To avoid this problem we used a FRET-competition assay for further experiments -- the common method in FRET and BRET studies \[[@R27], [@R28]\] which allows to measure a decrease of the energy transfer in oligomers caused by competing unlabelled variants.

![Wild-type oligomerizes more efficiently than p53 hot-spot mutant variants in living cells\
**(A)** FRET signal values collected from triplicate H1299 cells transfections of indicated vector constructs at the 1:2 CFP to YFP molar vector proportion (1 μg CFP construct : 2 μg YFP construct). Averages of 3 results are shown with SD, statistical significance was calculated with one-way ANOVA, Bonferroni post-test, ^\*\*\*^ p-value\<0.001, ^\*^ p-value\<0.05, ns - result not significant. **(B)** The FRET competition assay in H1299 cells with p53 wt:wt (transfected 0.5 μg wt-C : 1 μg wt-Y) oligomers using indicated series of untagged constructs or empty vector (1.5 μg co-transfected with FRET constructs). Averages of 3 biological replicates are shown with SD, statistical significance was calculated with one-way ANOVA, Bonferroni post-test, ^\*\*^ p-value\<0.01, ^\*^ p-value\<0.05. Lower panel: western blot analysis for p53 (DO-1 antibody) and GAPDH (loading control) of a total protein lysate from a representative replicate of the FRET measurements shown in the graph and a purified, untagged p53 (positive control). The levels of CFP/YFP tagged and untagged p53 protein variants are similar between all the competition experiments. **(C)** The FRET competition assay in H1299 cells with mutant p53 R175H:R175H (0.5 μg wt-C : 1 μg wt-Y) oligomers using indicated series of untagged constructs or empty vector (1.5 μg co-transfected with FRET constructs). Averages of 3 biological replicates are shown with SD, statistical significance was calculated with one-way ANOVA, Bonferroni post-test, ^\*^ p-value\<0.05. Lower panel: western blot analysis for p53 (DO-1 antibody) and GAPDH (loading control) of a total protein lysate from a representative replicate of the FRET measurement shown in the graph. **(D)** The FRET competition assay in H1299 cells with mutant p53 R273H:R273H (0.5 μg wt-C: 1 μg wt-Y) oligomers using indicated series of untagged constructs or empty vector (1.5 μg co-transfected with FRET constructs). Averages of 3 biological replicates are shown with SD, statistical significance was calculated with one-way ANOVA, Bonferroni post-test, ^\*^ p-value\<0.05. Lower panel: western blot analysis for p53 (DO-1 antibody) and GAPDH (loading control) of a total protein lysate from a representative replicate of the FRET measurement shown in the graph. **(E)** The FRET competition assay in H1299 cells with p53 wt:wt (left graph) and mutant p53 R175H:R175H (right graph; 0.5 μg wt-C: 1 μg wt-Y) oligomers using indicated untagged del90 constructs or empty vector (1.5 μg co-transfected with FRET constructs). Averages of 3 biological replicates are shown with SD, statistical significance was calculated with one-way ANOVA, Bonferroni post-test, ^\*\*\*^ p-value\<0.001, ^\*^ p-value\<0.05. Right panel: western blot analysis for p53 (DO-12 antibody) and GAPDH (loading control) of a total protein lysate from a representative replicate of the FRET measurements shown in the graphs. Visible bands below the main GAPDH bands are caused by binding of an anti-mouse secondary antibody to the remaining DO-12 antibody used earlier to detect del90 p53 on the same membrane.](oncotarget-09-32063-g002){#F2}

Wt p53 competed significantly more strongly than any of the five hot-spot mutant p53 variants transfected at equimolar vector amounts with the FRET generated by 1:2 vector proportion of wt-CFP:wt-YFP (Figure [2B](#F2){ref-type="fig"}). In these experiments western blots were used to confirm uniform levels of the competing p53 variants (Figure [2B--2E](#F2){ref-type="fig"}). Interestingly, wt p53 variant competed more efficiently than p53 mutants not only with wt:wt FRET but also with FRET generated between mutant variants R175H and R273H (Figure [2C--2D](#F2){ref-type="fig"}), albeit this effect was less significant than in the case of wt:wt FRET competition assay. The monomeric L344P p53 variant had no effect on the FRET signal and was used as the control reference (Figure [2A--2D](#F2){ref-type="fig"}).

To exclude that the observed effects are specific only to the H1299 cell background, we performed the FRET-competition assay with wt:wt FRET in the *TP53* -/- *MDM2* -/- mouse embryo fibroblasts -- MEFs ([Supplementary Figure 2A](#SD1){ref-type="supplementary-material"}). This was the only cell type out of several p53-null cell lines tested (others included e.g. Saos-2 and HCT-116 -- not shown) which could be efficiently transfected to measure the p53-CFP/YFP high quality spectra, while having comparable levels of the overexpressed wt and mutant p53 variants. In MEFs the overexpressed wt p53 was again competing significantly stronger with wt:wt FRET than the two tested mutant variants -- confirming earlier results from H1299 cells ([Supplementary Figure 2A](#SD1){ref-type="supplementary-material"}).

To make sure that the untagged p53 variants indeed hetero-oligomerize with the fluorophore-tagged p53 variants, a control co-immunoprecipitaion (co-IP) experiments were carried out in H1299 cell lysates using anti-GFP antibodies. Indeed, there was no co-IP of the L344P monomeric variant while other p53 variants co-precipitated with the YFP-tagged p53. Additionally, despite the co-IP method being primarily qualitative rather than quantitative, the untagged wt p53 co-precipitated stronger with C-terminally YFP-tagged wt p53 than R175H or R273H mutant variants ([Supplementary Figure 2C](#SD1){ref-type="supplementary-material"}). This result was supported by the efficient co-IP of the untagged wt p53 with the N-terminally FLAG-tagged wt p53 in H1299 cell lysates, using anti-FLAG antibodies ([Supplementary Figure 2D](#SD1){ref-type="supplementary-material"}).

The western blots performed for the FRET-competition assay and for the control co-IP, indicated that the difference in wt and mutant p53 oligomerization efficiency cannot be explained by the different protein levels of overexpressed p53 wt and mutant variants, hence we asked if the increased cytoplasmic localization of at least V143A, R175H and R249S p53 variants, compared to the predominantly nuclear wt p53 ([Supplementary Figure 1B](#SD1){ref-type="supplementary-material"}), could be decisive for the increased wt p53 oligomerization. However, wt p53 was still significantly more efficient competitor than any of the five p53 mutants with the FRET generated between K305A/R306A p53 variant ([Supplementary Figure 2B](#SD1){ref-type="supplementary-material"}), excluded from cell nuclei by an inactivated p53 nuclear localization signal ([Supplementary Figure 1B](#SD1){ref-type="supplementary-material"}) \[[@R43]\]. This result showed that differences in the localization of p53 are not decisive for the higher efficiency of the wt p53 oligomerization.

Since overexpressed wt p53 is inducing tumor suppressive downstream target transcription and tumor-suppressive phenotypic effects in cells \[[@R44]\] (see also Figure [4](#F4){ref-type="fig"} and [Supplementary Figure 5](#SD1){ref-type="supplementary-material"}), we next investigated if this transcription-based activity was responsible for the observed increased wt p53 oligomerization. To this end we used del90 p53 variants, with the deleted entire transactivation domain (Figure [1B](#F1){ref-type="fig"}), which were shown to be deprived of the wt p53 transactivation properties, but retained ability to enter and functionally inactivate wt p53 tetramers, and were localized to the nuclei of H1299 cells \[[@R14]\]. Del90 p53 was a better competitor with FRET generated by wt:wt and R175H:R175H than del90 p53 with the hot-spot R175H mutation (Figure [2E](#F2){ref-type="fig"}), indicating that the presence of the N-terminal transactivation domain in p53 and the physiological consequences of its presence are not required by wt p53 to enter p53 oligomers more efficiently than mutant p53.

Altogether, the results of the series of wt p53 and p53 hot-spot mutants oligomerization measurements by the direct FRET and the FRET-competition assay indicate that wt p53 is significantly more efficiently forming p53 oligomers containing at least single CFP-YFP FRET pairs of monomers, than the tested mutant variants.

Single-cell, acceptor photobleachaing FRET measurements confirm the biased oligomerization of p53 in nuclei of H1299 cells {#s2_3}
--------------------------------------------------------------------------------------------------------------------------

All the FRET measurements described above in the Results section were performed in cell suspensions, using spectrofluorimetry with the sensitized emission protocol, thus resulting in FRET signal averages from large populations of transfected cells (Figures [1](#F1){ref-type="fig"}--[2](#F2){ref-type="fig"}). To verify if the observed effects are not caused by a specific subpopulation of cells or local subcellular events, such as protein aggregation, we re-performed the most important FRET measurements using confocal microscopy with the acceptor-photobleaching protocol in single, live, H1299 cells, maintained under a microscope in Lab-Tek chambers.

First, as a proof-of-principle, we confirmed the high FRET efficiency in the positive control (CFP-YFP fusion construct) and null FRET efficiency in the negative control (p53 L334P monomeric variant) (Figure [3A--3B](#F3){ref-type="fig"}). It became apparent that subcellular FRET results using the acceptor photobleaching protocol are affected by small patches of a high measured FRET efficiency, usually appearing in the membrane vicinity or regions of uneven/low fluorophore signal ([Supplementary Figure 3A](#SD1){ref-type="supplementary-material"}). To avoid these possible artifacts, while whole cells were by default photobleached to the 30% of the initial YFP intensity, the final FRET efficiencies were measured in rectangular regions of interest (ROIs) with uniform donor and acceptor signals ([Supplementary Figure 3A](#SD1){ref-type="supplementary-material"}). The ROIs were placed in the cell\'s nuclei -- which contained high and relatively uniform fluorophore signal levels in case of all the used p53 variants. Additionally, to diminish variation of the FRET efficiency caused by different proportions of CFP:YFP in individual cells (example shown in [Supplementary Figure 3B](#SD1){ref-type="supplementary-material"}), data for the final results (Figure [3C--3E](#F3){ref-type="fig"}) were collected from cells with proportion of the CFP:YFP signals close to an average in a given experiment.

###### Confocal microscopy acceptor photobleaching protocol shows biased p53 oligomerization in the nuclei of individual, living H1299 cells

**(A)** Confocal microscopy photos and calculated results of the acceptor photobleaching FRET efficiency measurement in live H1299 cell growing in a Lab-Tek chamber, transfected with the vector overexpressing CFP-YFP fusion protein (FRET positive control). Pre- and post-bleach photos are shown for the CFP channel (donor; blue) and the YFP channel (acceptor; yellow). FRET efficiency color map and the result table show the FRET efficiency calculated for the photobleached area indicated as ROI (Region of Interest). Bar size - 10 μm. **(B)** Confocal microscopy photos and results of the acceptor photobleaching FRET efficiency measurement in live H1299 cell growing in a Lab-Tek chamber, transfected with vectors overexpressing 344P-C and 344P-Y monomeric p53 variants (vector molar proportion 1:2). Pre- and post-bleach photos are shown for the CFP channel (donor; blue) and the YFP channel (acceptor; yellow). FRET efficiency color map and the result table show the FRET efficiency calculated for the photobleached nucleus area indicated as ROI. Bar size - 10 μm. **(C)** Confocal microscopy photos and results of the acceptor photobleaching FRET efficiency measurement in live H1299 cell growing in a Lab-Tek chamber, transfected with vectors overexpressing p53 wt-C and indicated YFP-tagged p53 variants (vector molar proportion 1:2). Pre- and post-bleach photos are shown for the CFP channel (donor; blue) and the YFP channel (acceptor; yellow). FRET efficiency color map and the result table show the FRET efficiency calculated for the ROIs in the nuclei, after photobleaching of whole cells (ROI 1). Bar size - 10 μm. **(D)** Confocal microscopy photos and results of the acceptor photobleaching FRET efficiency measurement in live H1299 cell growing in a Lab-Tek chamber, transfected with vectors overexpressing p53 wt-C, wt-Y and indicated untagged p53 FRET-competitor variants (vector molar proportion 1:2:3). Pre- and post-bleach photos are shown for the CFP channel (donor; blue) and the YFP channel (acceptor; yellow). FRET efficiency color map and the result table show the FRET efficiency calculated for the ROIs in the nuclei, after photobleaching of whole cells (ROI 1). Bar size - 10 μm. **(E)** Bar graph representation of the mean FRET efficiency results of the wt p53 hetero-oligomerization experiments shown in (C) -- including the set of five hot-spot p53 mutant variants and the monomeric variant 344P. The bars are means with SD of ROI results from at least 3 cells each from 2 biological replicates of the experiments. Statistical significance was calculated with one-way ANOVA, Bonferroni post-test, ^\*^ p-value\<0.05. **(F)** Bar graph representation of the mean FRET efficiency results of the FRET competition assay experiments shown in (D) -- including the set of five untagged, competing five hot-spot p53 mutant variants and the monomeric variant 344P. The bars are means with SD of ROI results from at least 3 cells each from 2 biological replicates of the experiments. Statistical significance was calculated with one-way ANOVA, Bonferroni post-test, ^\*^ p-value\<0.05.
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In the first series of experiments we measured FRET efficiencies in p53 wt-CFP:wt-YFP and wt-CFP:mutant-YFP oligomers (Figure [3C](#F3){ref-type="fig"}). As in the case of the sensitized emission experiments -- wt:wt oligomers produced significantly higher FRET efficiencies, shown in detail for wt p53 homo-oligomerization and hetero-oligomerization with two representative mutant p53 examples (Figure [3C](#F3){ref-type="fig"}), and for all five p53 mutants used in the study in the bar graph with the average results of multiple ROIs from at least 3 cells each from 2 biological replicates of the transfection experiments (Figure [3E](#F3){ref-type="fig"}).

Next, we performed the FRET-competition assay with the FRET generated in the wt:wt oligomers. The results of this test showed that overexpressed, unlabelled wt p53 was able to compete more efficiently with the FRET derived from wt-CFP:wt-YFP oligomers in H1299 cells nuclei, than the hot-spot mutant variants: R175H and R273H - shown in detail for the representative examples (Figure [3D](#F3){ref-type="fig"}), and for all five p53 mutants in the bar graph (Figure [3F](#F3){ref-type="fig"}).

The confocal microscopy experiments confirmed the sensitized emission protocol results and showed that the more efficient oligomerization of wt p53 compared to hot-spot mutant variants in representative transfected H1299 cells was taking place in the cell nuclei, where signals from fluorescently tagged p53 proteins were high and evenly distributed.

Biased p53 oligomerization affects mutant p53 gain-of-function inactivation by wt p53 {#s2_4}
-------------------------------------------------------------------------------------

The results from the FRET-based p53 oligomerization tests supported by the co-IP results (Figures [2](#F2){ref-type="fig"}--[3](#F3){ref-type="fig"}), indicated the ability of wt p53 to form oligomers with an increased efficiency compared to hot-spot mutant variants. In the next step we verified how this effect translates to the tumor suppressive function of wt p53 and oncogenic gain-of-function of p53 mutants.

We transfected the H1299 cells at analogous vector proportions as in the FRET-competition assays and measured transcriptional activation of *CDKN1A* (p21), *MDM2*, *BAX* and *BCC3* (PUMA) genes by wt p53, against mutant p53 target genes: 26S proteasome subunit genes (*PSMA2* and *PSMC1*) - earlier described by us to be transcriptionally activated by mutant p53 in cooperation with Nrf2 \[[@R45], [@R46]\], nucleotide biosynthesis genes (*RRM1* and *TK1*) activated by mutant p53 in cooperation with ETS2 \[[@R47]\] and Cyclin A gene (*CCNA2*) activated by mutant p53 in cooperation with NF-Y \[[@R48]\]. Additionally, we tested by a wound-healing (scratch) assay how the different wt:mutant proportions affect the ability of H1299 cells to migrate, a property known to be affected by wt/mutant p53 in various cell lines, including H1299 \[[@R4], [@R49]--[@R51]\]. Besides untagged p53s we used wt and mutant p53 variants tagged with YFP at C-termini which activated the tested genes and affected the wound-healing assay in a similar manner to wt and mutant p53 with no tags (Figure [4A, B](#F4){ref-type="fig"} and [Supplementary Figure 5A](#SD1){ref-type="supplementary-material"}).

![Wild-type and mutant p53 hetero-oligomerization leads to inefficient wt p53 activity inhibition and efficient mutant p53 gain-of-function inhibition\
**(A)** H1299 cells were transfected with indicated amounts of empty vector (vec.) and/or vectors encoding p53 protein variants -- untagged wt or 344P with/without 175-YFP mutant. The western blot shows p53 (DO-1 antibody) and GAPDH (housekeeping control) levels in the representative competition titration experiment. Expression bar graphs show normalized averages with SD of the mRNA levels for wt p53 target genes (strongly induced: *CDKN1A* and *MDM2;* moderately induced: *BCC3* and *BAX*) and mutant p53 target genes (*PSMA2, PSMC1, RRM1, TK1, CCNA2*) in 3 biological replicates of the wt p53 titration vs p53 175-Y mutant variant. The cell migration graph shows average results with SD of area covered by cells post 18h of the wound-healing (scratch) assay in 3 biological replicates of the wt p53 titration vs p53 175-Y mutant variant. Statistical significance was calculated with one-way ANOVA, Bonferroni post-test, ^\*\*\*^ p-value\<0.001, ^\*\*^ p-value\<0.01, ^\*^ p-value\<0.05. The result indicates that significant inhibition of the mutant p53 GOF effects (gene expression and cell migration induction) by wt p53 is present already at equimolar amount of wt *vs.* mutant p53. **(B)** H1299 cells were transfected with indicated amounts of empty vector (vec.) and/or vectors encoding p53 protein variants -- untagged 175H or 344P with/without wt-YFP. The western blot shows p53 (DO-1 antibody) and GAPDH (housekeeping control) levels in the representative competition titration experiment. Expression bar graphs show normalized averages with SD of the mRNA levels for wt p53 target genes (strongly induced: *CDKN1A* and *MDM2;* moderately induced: *BCC3* and *BAX*) and mutant p53 target genes (*PSMA2, PSMC1, RRM1, TK1, CCNA2*) in 3 biological replicates of the mutant R175H p53 titration vs wt-Y. The cell migration graph shows average results with SD of area covered by cells post 18h of the wound-healing (scratch) assay in 3 biological replicates of the R175H mutant p53 titration vs wt-Y. Statistical significance was calculated with one-way ANOVA, Bonferroni post-test, ^\*\*\*^ p-value\<0.001, ^\*^ p-value\<0.05. The result indicates that inhibition of the wt p53 effects (gene expression induction and cell migration inhibition) by mutant p53 is ineffective even at excess of mutant *vs.* wt p53.](oncotarget-09-32063-g004){#F4}

In the setup with a steady level of the p53 R175H-YFP construct, the increasing level of wt p53, but not monomeric 344P p53, was able to activate wt p53 transcriptional targets and decrease cell migration, despite the presence of mutant p53 (Figure [4A](#F4){ref-type="fig"}, [Supplementary Figure 4A](#SD1){ref-type="supplementary-material"}). However, the mutant p53 targets and migration could be induced significantly compared to the empty vector control only if wt p53 was absent or in the presence of the monomeric L344P p53 variant (Figure [4A](#F4){ref-type="fig"}, [Supplementary Figure 4A](#SD1){ref-type="supplementary-material"}). These results were additionally confirmed in setups with YFP-tagged R273H p53 mutant variant, untagged p53 proteins (in H1299 cells) and YFP-tagged R175H variant in H358 *TP53*-null non-small cell lung cancer cells ([Supplementary Figure 5A-5C](#SD1){ref-type="supplementary-material"} and [Supplementary Figure 6A-6C](#SD1){ref-type="supplementary-material"}). In H358 cells three mutant p53 target genes were significantly induced (*PSMA2*, *PSMC1* and *TK1)*, and hence are shown in [Supplementary Figure 5C](#SD1){ref-type="supplementary-material"}. In a reversed setup -- when the wt-YFP construct was at the steady level -- only the excess of R175H p53 over the wt-YFP level could visibly but not significantly inhibit the wt p53 targets' transactivation (Figure [4B](#F4){ref-type="fig"}). Mutant p53 targets and cell migration were instead kept at the wt p53 levels even upon introduction of the excess of the R175H p53 mutant variant (Figure [4B](#F4){ref-type="fig"}, [Supplementary Figure 4B](#SD1){ref-type="supplementary-material"}).

These results, while being in agreement with earlier notions that a large excess of oligomerization-capable mutant p53 is needed to inactivate the wt p53 activity \[[@R14]\], additionally indicated that proportionally less oligomerization-capable wt p53 is required to inactivate the mutant p53 gain-of-function.

To validate if the target genes' transactivation by wt p53 is required for the inactivation of the mutant p53 gain-of-function, we used the p53 del90 variants. It turned out that del90 p53 indeed inactivates the R175H p53-dependent transactivation of the proteasome genes and the induction of migration (Figure [5](#F5){ref-type="fig"}, [Supplementary Figure 7](#SD1){ref-type="supplementary-material"}). Additionally, del90 p53 inactivated wt p53 more efficiently than del90 R175H (Figure [5](#F5){ref-type="fig"}). These results indicated that the mutant p53 gain-of-function activity, similarly to the mutant:mutant FRET (Figure [2E](#F2){ref-type="fig"}), is inactivated by del90 p53 variant with the wt DNA-binding domain, but deprived of the transactivation ability. The results also confirmed functionally the oligomerization assay result (Figure [2E](#F2){ref-type="fig"}) by showing that del90 p53 with the mutant DNA-binding domain is less efficient in inactivation of the full-length wt p53 than del90 with the wt p53 DNA-binding domain.

![Del90 p53 variant, without the wt p53 transactivation domain and activity, efficiently inactivates the mutant p53 gain-of-function\
H1299 cells were transfected with indicated amounts of empty vector (vec.) and/or vectors encoding p53 protein variants -- untagged del90 or del90 with R175H mutation, with/without 175-YFP or wt-Y. The western blot shows p53 variants (DO-12 antibody) and GAPDH (housekeeping control) levels in the representative experiment. Expression bar graphs show normalized averages with SD of the mRNA levels for wt p53 target genes (strongly induced: *CDKN1A* and *MDM2;* moderately induced: *BCC3* and *BAX*) and mutant p53 target genes (*PSMA2, PSMC1, RRM1, TK1, CCNA2*) in 3 biological replicates. The cell migration graph shows average results with SD of area covered by cells post 18h of the wound-healing (scratch) assay in 3 biological replicates. Statistical significance was calculated with one-way ANOVA, Bonferroni post-test, ^\*\*\*^ p-value\<0.001, ^\*\*^ p-value\<0.01, ^\*^ p-value\<0.05. The result indicates that significant inhibition of the mutant p53 GOF effects (mutant p53-specific gene expression and cell migration induction) is possible by the del90 p53, while the wt p53 effects (wt p53-specific gene expression induction and cell migration inhibition) are more efficiently inhibited by del90 p53 rather than del90 p53 with the hot-spot R175H mutation.](oncotarget-09-32063-g005){#F5}

Altogether, the results of the functional experiments showed relatively weak inactivation of wt p53 via a dominant-negative mechanism compared to the more efficient inactivation of the mutant p53 gain-of-function by wt p53, in a "dominant-positive" manner.

DISCUSSION {#s3}
==========

The FRET-based assay results presented in this study demonstrate a previously unknown ability of wt p53 to oligomerize more efficiently in the living cells compared to hot-spot mutant p53 variants, frequently present in human neoplastic cells \[[@R39]\]. To generate a detectable FRET signal, at least pairs of CFP and YFP fluorophores have to be present within nanometer-scale range of the radiationless energy transfer in populations of proteins \[[@R24], [@R25]\]. In our experiments the significant FRET could be produced only by the oligomerization-capable p53 variants -- tetrameric and dimeric, tagged with fluorophores only at the C-termini, and the maximum detected FRET signal of teterameric p53 was significantly higher than the dimeric p53 in the FRET-saturation experiments. Hence, we concluded that the observed FRET in the H1299 living cells is generated specifically in dimers and tetramers of p53.

The higher observed FRET signal (in the sensitized emission experiments) and FRET efficiency (in the acceptor photobleaching experiments) in wt p53 oligomers can be interpreted either as a higher exchange rate of monomers within oligomers, or as a higher rate of oligomer formation, and as both of these effects combined. The studies on full-length p53 dimerization and tetramerization performed *in vitro* \[[@R11], [@R15], [@R16]\] and in the MFC7 cells \[[@R17], [@R18]\] have suggested that the dimer formation by p53 monomers is largely irreversible and co-translational, and that p53 tetramers are formed mostly by homodimers. In the same time the *in vitro* analyses demonstrated a slow dissociation of dimers into momoners \[[@R16]\], and a fraction of monomeric wt p53 was detectable in live cells \[[@R17]\]. Our results confirm that the p53 hetero-dimerization in the live cells is possible, albeit nearly 1,5x less efficient than in the theoretically predicted hetero-dimerization FRET saturation curve. Hence, the contribution of the hetero-dimerization to the measured oligomerization efficiency is limited below the predicted values, and is the likely reason why the hetero-tetramerization FRET-saturation curve does not fit the predicted values for the tetramer. Thus, our method does not exclude neither higher exchange rate of monomers in wt p53 dimers/tetramers nor more abundant wt p53 dimers/tetramers as the cause of the observed stronger direct FRET or FRET competition by wt p53. This problem could be possibly addressed by the future research on full-length wt and mutant p53 homo- and hetero-tetramerization using single-molecule spectroscopy methodology, which has been recently employed to show structural properties and kinetics of the isolated p53 tetramerization domain \[[@R34]\]. Several studies on oligomerization of proteins have been also carried out using FRET spectrometry in living cells, allowing to understand the spatial configuration and quantitative contribution of the proteins' oligomeric states \[[@R52]--[@R54]\], suggesting possible solutions for further research on the p53 oligomers.

Wt p53 and p53 hot-spot mutant variants compared here for their oligomerization properties differ in a number of ways - including structural and biophysical properties \[[@R40]--[@R42]\], different sub-cellular localization and aggregation patterns \[[@R55]--[@R57]\], target gene transactivation \[[@R4], [@R58]\] and different specific interactors \[[@R45], [@R59]--[@R61]\]. Hence, there are various possible mechanistic explanations how oligomerization could be differentially regulated in wt and mutant p53 variants. Here, we excluded several possibilities in the H1299 lung carcinoma cell background used for the majority of the experiments. We showed that protein localization is not the key parameter, as wt p53 competed more efficiently compared to hot-spot p53 mutants with the FRET generated by wt p53 (mostly nuclear) or the predominantly cytoplasmic p53 variant K305A/R306A. Additionally, not only "conformation" mutant p53 variants used (V143A, R175H and R249S) with unfolded DNA-binding domain \[[@R40], [@R41]\] which localized to the nucleus and the cytoplasm of the H1299 cells, but also the nearly native, "contact" p53 mutants (R248Q and R273H) \[[@R40], [@R41]\] which localized similarly to wt p53 mostly to the nucleus, were producing weaker FRET signals in homo-oligomers and were competing with lower efficiency with the FRET derived from any p53 oligomers. By performing experiments with del90 p53 variants without the p53 transactivation domain we also excluded that the wt p53 tumor-suppressive transactivation, which leads to severe physiologic consequences in cells - apoptosis, cell cycle arrest and metabolic reprogramming \[[@R44]\] and thus possibly influences the p53-CFP/YFP turnover, localization or folding - is decisive for the more efficient wt p53 oligomerization. Therefore, the most likely mechanistic reason for the biased p53 oligomerization is the composition of the DNA-binding domain and its consequences -- at the level of protein structure and interaction with other molecules. It has been shown that not only the "conformational" p53 mutants, such as R175H, possess specific protein interactors \[[@R62]\], but it is also the case in the p53 mutant variant with the nearly native DNA-binding domain - R273H \[[@R59], [@R61]\]. Both of these types of p53 mutants were also shown to possess numerous specific and common gain-of-function transcriptional targets via an indirect DNA binding, distinct from wt p53 \[[@R4], [@R45]\]. Given that interacting factors and resulting post-translational modifications may affect the oligomerization state of p53 \[[@R63]--[@R65]\], it is likely that the distinct interactomes of wt and hot-spot mutant p53s hold the key to the differences in their oligomerization efficiencies.

As shown in the functional part of this study -- the difference in oligomerization properties of wt and mutant p53 may help to understand the equilibrium of wt- *vs.* mutant p53-dependent processes of tumor suppression *vs.* oncogenic negative-dominance and gain-of-function. The analyses of Li-Fraumeni patients with inherited *TP53* mutations as well as mouse Li-Fraumeni models consequently demonstrate that the increased tumor development in Li Fraumeni syndrome involves selective pressure to eliminate the activity of the wt *TP53* allele from the heterozygous setup with mutant *TP53*. It is achieved via a loss-of-heterozygosity (LOH) and other mechanisms of wt p53 inactivation in Li-Fraumeni patients \[[@R66], [@R67]\] and mouse models \[[@R21]\]. In mice with the *Trp53* mut/wt genotype onset of tumors was found to be later and survival of the animals was longer, compared to the mut/- genotype, while the loss of the wt allele or accumulation of the mutant p53 protein level occurred in the majority of tumors with the mut/wt genotype \[[@R20], [@R21], [@R68]\]. Accumulating data from mouse models, in concordance with human patient data, point to LOH as a functional prerequisite to the mutant p53 gain-of-function \[[@R69]--[@R71]\]. Furthermore, a hypomorphic wt *Trp53* allele, expressed at low level compared to a mutant allele, was able to suppress tumor growth, but did not lead to tumor regression in mice with a knock-in *TP53* missense mutant \[[@R22]\]. A recent research by Turrell et al., using Ras and mutant p53-driven lung carcinoma mouse model, extended these findings with a stronger induction of the wt p53 expression in the presence of mutant p53 -- demonstrating that wt p53, though still at lower level than mutant p53, largely avoids and suppresses the effects of mutant p53 on transcription and tumor growth \[[@R23]\]. The authors hypothesized that wt-mutant p53 hetero-tetramers may partially retain the wt transcriptional activity and/or the p53 oligomerization may be biased \[[@R23]\]. Our research for the first time shows that indeed the p53 oligomerization is biased, at least in lung carcinoma H1299 and mouse embryo fibroblasts backgrounds, and this effect is reflected by the wt and mutant p53 activities in lung cancer cells. We show that p53 hot-spot missense mutants in full-length and del90 p53 proteins are relatively ineffective in inhibition of the wt p53 transcriptional and migration-suppressing activities, which largely confirms earlier mechanistic findings \[[@R14]\] and a low mutant p53 dominant-negative oncogenic impact in human tumors or cell lines \[[@R72], [@R73]\]. However, we also demonstrate that the oligomerization-capable p53 proteins with the wt DNA-binding domain -- full length or del90 -- are efficient in suppressing mutant p53-mediated gene expression and cell migration, which represent some of the mutant p53\'s gain-of-function hallmarks \[[@R45]\]. This reversed negative-dominance we refer to as the "dominant-positive" effect of wt p53.

Altogether, our results demonstrate that to inactivate mutant p53, wt p53 has to be capable of oligomerization via its tetramerization domain, but does not have to be capable of the direct transcriptional activation. Since our study defines the wt p53 oligomerization as more efficient, we show that equimolar level of wt or del90 p53 is enough to inactivate the mutant p53 gain-of-function, while even the excess of mutant p53 is not able to effectively inactivate wt p53. This is consistent with the fact that hot-spot p53 mutants accumulate in various tumor types in mouse models \[[@R20], [@R68]\] and human patients \[[@R74]--[@R79]\], while there is a selective pressure to eliminate the wt *TP53* allele in transformed cells \[[@R69]--[@R71]\]. Our research implies that these mechanisms do not only allow boosting the mutant p53 gain-of-function \[[@R80]\], but also prevent efficient inactivation of mutant p53 gain-of-function by wt p53 during cell transformation. This suggests that strategies of a high overexpression of wt p53 as well as a mutant p53 conversion into wt-like conformation and activity \[[@R5], [@R81]\] are worthy efforts in finding methods to treat cancers with the accumulated mutant p53.

MATERIALS AND METHODS {#s4}
=====================

Cell lines and transfection {#s4_1}
---------------------------

H1299 cells (ATCC) were grown in DMEM + 10% FBS (Sigma or Gibco) and transfected by Lipofectamine 2000 (Invitrogen) - 3 μl of the reagent per 3 μg total plasmid DNA for a 12-well plate well at approx. 80% cell confluence (and proportionally for other vessel sizes, including Nunc 8-well LabTek chambers). H358 cells (ATCC) were grown in RPMI + 10% FBS (Gibco) and transfected 2x by Lipofectamine 2000 (Invitrogen) - 6 μl of the reagent per 5 μg total plasmid DNA for a 6-well plate well at approx. 80% cell confluence and for the second time 24h later. MEF cells (*TP53* -/-, *MDM2* -/-) were a kind gift of prof. U. Hibner (Institut de Génétique Moléculaire de Montpellier, France), were grown in DMEM + 10% FBS (Sigma) and were transfected by Effectene (Qiagen) according to the manufacturer\'s manual. MCF7, SkBr3 and MDA-MB-468 (ATCC) cells were grown in DMEM + 10% FBS (Sigma).

Plasmids, cloning and mutagenesis {#s4_2}
---------------------------------

In FRET vectors the wt p53 coding sequence was inserted to the pECFP-N1 and pEYFP-N1 (C-terminal p53 tagging, stop codon was omitted) or pECFP-C1 and pEYFP-C1 (N-terminal p53 tagging) vector backbones (Clontech). For untagged p53 variants -- wt p53 or del90 p53 (generated by PCR) was inserted to the pECFP-N1 vector backbone, with removed sequence encoding ECFP. pLenti vectors with N-terminally FLAG-tagged p53 variants were a kind gift of dr M. Olszewski (International Institute of Molecular and Cell Biology in Warsaw, Poland). For the experiments shown in [Supplementary Figure 2D](#SD1){ref-type="supplementary-material"} the pLenti vectors were co-trasfected by Lipofectamine 2000 to H1299 with vectors encoding untagged p53s for transient overexpression of the p53 variants. For all types of vectors all the point mutant p53 variants were generated by a site-directed mutagenesis.

FRET sensitized emission measurements and spectra correction/normalization {#s4_3}
--------------------------------------------------------------------------

Cells from a standard size 12-well plate well (Corning) were trypsinized 24h post transfection, washed 2x with PBS and resuspended in PBS: 0.3 ml for measurements in quartz cuvettes by RF-5301 Shimadzu spectrofluorimeter (Figure [1](#F1){ref-type="fig"}) or 0.1 ml for measurements in v-bottom black 384-well plates (Grainer) by Tecan M1000 spectrofluorimeter (Figure [2](#F2){ref-type="fig"}). The measurement parameters were: for CFP -- excitation wavelength 425 nm, emission wavelength range 450-550 nm, for YFP - excitation wavelength 485 nm, emission wavelength range 495-550 nm. Correction for crosstalk (cross-excitation and a spectral bleed-through form the CFP excitation to the YFP emission) was performed as shown and explained step-by-step in [Supplementary Figure 1A](#SD1){ref-type="supplementary-material"}. Spectra were normalized in the 0-1 range using the equation:
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where:

*CFP^norm\ λn^* is the normalized CFP emission value at the wavelength of n nm in the range of the measured CFP emission spectrum (450-550 nm),

*CFP^corr\ λn^* is the crosstalk-corrected CFP emission value at the wavelength of n nm in the range of the measured CFP emission spectrum (450-550 nm)

*CFP^corr^* ^λ\ 450^ is the crosstalk-corrected CFP emission value at the wavelength of 450 nm

*MAX*(*CFP^corr^* ^λ\ 450^ : *CFP^corr^* ^λ\ 550^) is the maximum crosstalk-corrected CFP emission value in the wavelength range of the measured CFP emission spectrum (450-550 nm)

"FRET signal" values were obtained by subtraction of the crosstalk-corrected and normalized CFP spectra values at the wavelength of λ=527 nm (YFP maximum emission) of the average p53-CFP sample values from the measured sample values.

Theoretical FRET saturation values were calculated based on previous study \[[@R30]\] using the equation:
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where:

*FRET^signal^* is the calculated FRET signal value

*nYFP* is the number of YFP acceptor molecules

*nCFP* is the number of CFP donor molecules

*n* is the number of monomers in an oligomer under consideration

The theoretical FRET saturation value points were calculated for used molar ratios between transfected vectors (in the range of 1:5 to 5:1 acceptor:donor). Then these values were normalized to maximum predicted values of measured FRET saturation values and non-linear regression one-phase association curves were fitted in Graph Pad Prism 6.01 to both -- measured and theoretical model value points to obtain the graph in Figure [1D](#F1){ref-type="fig"}.

Confocal microscopy and FRET acceptor photobleaching measurements {#s4_4}
-----------------------------------------------------------------

Leica TCS SP 2 microscope and 63x oil immersion objective was used to obtain cell photos and measure FRET efficiency using the acceptor photobleaching protocol. All photos/measurements were done in living cells, grown and transfected in 8-well Lab-Tek chambers (Nunc), on a microscope support table heated to 37°C. 24h post transfection, directly before the measurements, the medium was exchanged to DMEM + 10%FBS with 25 mM HEPES pH 7.5 to maintain the near-physiological pH outside of the CO~2~ incubator during the 2-4h microscopy sessions. Optionally Hoechst 33342 dye was added to the medium to stain nuclei. 405 nm UV laser was used for CFP excitation (collected emission range 445-502 nm) and (if used) Hoechst 33342 excitation (collected emission range 423-475 nm). 514 nm laser was used for YFP excitation (collected emission range 523-581 nm). Acceptor photobleaching was performed using the Leica Software wizard, YFP signal was set for bleaching to 30% of the original intensity, the FRET efficiency was calculated automatically by the software in the set ROIs (see [Supplementary Figure 3](#SD1){ref-type="supplementary-material"} for additional comments on ROI and cell selection) by the standard equation:
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Where *FRET~eff~* is the FRET efficiency, *D~post~* is the measured donor (CFP) intensity post-bleaching and *D~pre~* is the donor (CFP) intensity pre-bleaching.

Western blot and p53 stability measurement {#s4_5}
------------------------------------------

The cells were lysed on ice post FRET measurements (after spinning down from the PBS suspension, Figure [2](#F2){ref-type="fig"}) or after scraping for the well (Figures [4](#F4){ref-type="fig"}--[5](#F5){ref-type="fig"}) in the buffer containing 150 mM NaCl, 1% Triton X-100, 50 mM HEPES pH 8.0 and protease inhibitor cocktail (Sigma). Protein concentrations were measured in the lysates by Bradford assay (Biorad), Laemmli sample buffer was added, lysates were incubated at 95°C for 10 min and equal amounts of the total protein were loaded on the SDS-PAGE gel. The western blot protein detection was performed using the following antibodies at indicated concentrations and incubation times. Anti-p53: DO-1 (sc-126, Santa Cruz, 1:4000, 1h), DO-12 (a kind gift of prof. B. Vojtesek, Masaryk Memorial Cancer Institute, Brno, Czech Republic; 1:2000, ON), CM1 (a kind gift of prof. B.Vojtesek, 1:1000, ON). Anti-GAPDH (MAB374, Millipore, 1:2000, ON). Detection was performed with anti-mouse/rabbit secondary antibodies fused with HRP (Biorad). Band densitometry was performed using ImageJ software. p53 stability and half-life determination was done as described previously \[[@R45]\].

Co-immunoprecipitation {#s4_6}
----------------------

The experiments were performed by lysing cells from 6-well plate wells, 48h post transfection, in the Co-IP buffer (150 mM NaCl, 50 mM Tris-HCl pH 8, 1mM EDTA, 0.5% NP40, 10% glycerol) with protease inhibitor cocktail (Sigma) for 15 min on ice, with additional mechanical lysis using fine-needle syringes. Lysates were pre-cleared by 1h rotation with agarose-protein G beads (washed with the Co-IP buffer), centrifuged for 20 min at 13000 g at 4°C (to clear the beads and the cell debris), input samples were collected and the main lysates were incubated with rotation overnight at 4°C with the 0.5 μg anti-GFP antibody (sc-9996, Santa Cruz) or anti-FLAG antibody (sc-166355, Santa Cruz). The agarose-protein G beads (washed with the Co-IP buffer) were added and the lysates were rotated for additional 1h. The beads were spun down, washed 3x with the co-IP buffer, resuspended in the Laemmli sample buffer, incubated at 95°C for 5 min, and the whole samples were loaded to the SDS-PAGE gel for the western blot. Inputs were blotted in parallel.

RNA extraction and qPCR {#s4_7}
-----------------------

RNA was extracted from H1299 or H358 cells scraped from the standard 6-well plate well 48h post transfection (in the case of H358 cells - post second transfection) with TRI reagent (Ambion). Half of the cells from a well were taken for protein extraction, see western blot. cDNA was produced using QuantiTect Reverse Transcription Kit (Qiagen). qPCR was carried out using Sensitive RT PCR Mix (A&A Biotechnology). *CDKN1A*, *MDM2, BCC3*, *BAX,* *PSMA2*, *PSMC1, RRM1, TK1, CCNA2 and ACTB* (house-keeping normalizer) gene mRNA-specific primer sequences are listed in the table attached in the Supplementary Data.

Wound-healing (scratch) assay {#s4_8}
-----------------------------

30h post transfection of the H1299 or 24h post second transfection of the H358 cells in the standard 6-well plate, scratches were done using a 10 μl pipette tip, the medium was changed to fresh and the scratches were photographed under a Leica DM IL microscope (0h time-point; the cells were at 90-100% confluence at this time). 18h (H1299) or 42h (H358) later the scratches were photographed again. In the case of H1299 the cells from the same wells were then used to extract proteins for western blots and RNA for qPCR at the total time of 48h post transfection. The area of the cell-free scratch was measured on the photos by an ImageJ plugin MRI Wound Healing Tool ([http://dev.mri.cnrs.fr/projects/imagej-macros/wiki/Wound_Healing_Tool](http://dev.mri.cnhttp://dev.mri.cnrs.fr/projects/imagej-macros/wiki/Wound_Healing_Tool)). The cell free area at 18/42h was subtracted from the cell-free area at 0h of the same well to obtain the "wound area covered by cells post 18h/42h" values in Figures [4](#F4){ref-type="fig"}--[5](#F5){ref-type="fig"} and [Supplementary Figure 5](#SD1){ref-type="supplementary-material"}.

SUPPLEMENTARY MATERIALS FIGURES AND TABLES {#s5}
==========================================
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wt

:   wild-type

FRET

:   Forster Resonance Energy Transfer

CFP

:   Cyan Fluorescent Protein

YFP

:   Yellow Fluorescent Protein

GFP

:   Green Fluorescent Protein

GOF

:   gain-of-function

LOH

:   loss of heterozigosity
